Maize (Zea mays) is an important food source and has a highly tractable genetic system. The maize genome [2300 to 2700 megabases (Mb)] (1) is approximately 20 and 6 times as large as those of Arabidopsis thaliana and rice (Oryza sativa), respectively. Over 60% of the maize genome consists of long terminal repeat (LTR)-retrotransposon families that vary in copy number, with up to 30,000 copies per haploid genome. Other repetitive DNA sequences account for an additional 20% of the maize genome (2) . The genic regions of the maize genome contain low-copy number genes separated from one another by large tracts [ϳ10 to 100 kilobases (kb)] of repetitive DNA (3) (4) (5) ; for the purpose of this manuscript, the term "gene" excludes any sequence contained within a transposable element. DNA sequencing of large and complex genomes is currently limited by cost considerations and difficulties in resolving repetitive sequences in assembly. Consequently, development of strategies that focus on targeted sequencing of gene-rich regions provides an alternative to whole-genome sequencing.
A technique called "methylation filtering" (MF), in which hypermethylated sequences are excluded with the use of bacterial restriction systems that cleave methylated sequences, has been used to produce libraries that are gene-enriched (6) (7) (8) . Another technique, High C 0 t (HC) selection, allows separation of DNA fractions into low-copy (High C 0 t) or high-copy (Low C 0 t) sequences, where concentration (C 0 ) and annealing time (t) determine the composition of the fractions (9, 10) . The most repetitive DNA renatures first, and the double-stranded DNA can be separated from lower copy number, unrenatured DNA. The low-copy number fraction from maize can be enriched fourfold in genes in comparison to random shotgun libraries (11) .
DNA sequence was generated from 56,649 MF, 84,981 HC, and 17,679 unfiltered (UF) plasmid clones, as a combination of paired-end and forward-only sequence reads. A total of 95,233 MF, 100,000 HC, and 34,074 UF sequences were produced with an average edited read length of 721, 712, and 708 bases, respectively. All sequence data generated for this analysis were deposited into GenBank (12) .
Four separate clustering and assembly analyses using MF, HC, combined MF and HC (MFϩHC), and UF sequences generated 52,649 (ϳ42 Mb); 71,492 (ϳ54 Mb); 117,304 (ϳ93 Mb); and 32,955 (ϳ24 Mb) assembled Zea mays sequences (AZMs), respectively (13) (table S1). In the MFϩHC assembly, 21,775 AZMs were built from two or more independent clones and were classified as MF-only, HC-only, and mixed AZMs on the basis of content. Sixty percent of the MF clones are in MF-only AZMs, and 72% of the HC clones are in HC-only AZMs. We expect the HC and MF clones to be as likely to assemble with each other as to assemble with themselves. Because each group favors self-assembly, the MF and HC libraries likely represent somewhat distinct portions of the genome.
An analysis of the repeat content of each of the MF, HC, MFϩHC, and UF AZMs indicates that 35, 21, 28, and 73%, respectively, of the nucleotides align with sequences in the TIGR Cereal Repeat database (www.tigr.org/tdb/e2k1/osa1/blastsearch.shtml) (table S1). The majority of sequence alignments are to transposable elements including retrotransposons, transposons, and miniature inverted repeat transposable elements (MITES); of the matches to transposable elements, nearly 90% are to retrotransposons for both MF and HC ( Table 1) .
The MF, HC, MFϩHC, and UF AZMs were compared with databases of expressed transcripts with the use of BLAT (a BLASTlike alignment tool) to estimate the respective levels of gene-enrichment (14) . These databases included a nonredundant amino acid database (NRAA) and the TIGR Plant Gene Table 1 . Repeat analysis of MF, HC, MFϩHC, and UF AZMs. A sequence was defined as having a significant match to a repeat if greater than 75% of the nucleotides in the query sequence were masked by a categorized sequence in the TIGR Cereal Repeat database. The total number of repeat sequences is expressed as a percentage of the total number of unique sequences (AZMs). Indices (15) ( Table 2; table S2 ). The total number of significant matches to expressed transcripts by the MFϩHC AZMs was 24%, comparable to MF-only and HC-only AZMs (27 and 22%, respectively). In contrast, 6% of the UF sequences showed significant homology to expressed transcripts. This fourfold difference in the gene identification rate, achieved at a stringency of 1 ϫ 10 -10 , is similar to that observed previously (2, 7, 11) . The enrichment of genes between filtered and UF AZMs is expected to increase as new repeats are discovered and as the repeat database used for masking becomes more robust.
To estimate coverage of existing maize genomic sequence by the MF, HC, MFϩHC, and UF AZMs, a collection of maize sequence databases were compiled from public resources and searched (table S3) . One such database consists of the "IBM2 neighbors" collection of sequence-based genetic mapping markers (www.maizemap.org/ resources.htm) that are uniformly distributed across maize chromosomes 1 to 10; in some cases there are multiple markers for a single locus but most are distinct. The MF, HC, MFϩHC, and UF AZMs were searched against the maize sequence markers with the use of BLAT (14) (Fig. 1) . Approximately 27, 20, and 38% of the sequence markers show a significant match to MF, HC, and MFϩHC AZMs, respectively, compared with 2% for UF AZMs. Furthermore, the MFϩHC AZMs appear to be evenly distributed throughout the 10 chromosomes (Fig. 1) .
Another source of sequence-based markers for mapping is the 10,643 overlapping oligonucleotide (overgo) probes (www. maizemap.org/overgos.htm) of which 96% are unique. The overgo sequences were compared with the MF, HC, MFϩHC, and UF AZMs with the use of WU-BLASTN (16), resulting in 1142 and 1143 overgos aligning uniquely to MF and HC AZMs, whereas a further 215 were common to MFϩHC. In contrast, 94 of the overgo probes mapped to UF AZMs, which reinforces the observation that both MF and HC approaches effectively enrich for unique, genic portions of the genome.
Although MF and HC AZMs match approximately equal numbers of unique sequence markers and expressed transcripts, other analyses suggest differences between the gene-enrichment technologies. For example, the HC AZMs contain almost twice as much uncharacterized DNA sequence in comparison to MF AZMs, which can be partly attributed to the fact that 29% of the MF and only 13% of the HC AZMs match retrotransposons (Table 2) .
We identified retrotransposon sequences by WU-BLASTN (16) and determined their representation within the UF, MF, and HC sequences. Although most abundant in the maize genome (2), Huck and Grande elements are reduced in MF sequence (9.5 and 19% of UF levels, respectively) as are Ji and Opie, albeit less so (83 and 80% of UF levels, respectively), suggesting that Ji and Opie are less frequently methylated (Fig. 2) . Prem, Ji, Gyma, and Xilon are the most commonly occurring retroelements in maize ESTs, whereas Huck and Grande elements are rare. Inefficient filtering of Ji and Opie retrotransposon sequences may reflect a lack of methylation sites (CG or CNG), transcriptional activity, or irregularities in methylation. Ji and Opie sequences derived from MF are reduced in methylation sites by approximately two-thirds in comparison to those derived from UF. However, for several other retrotransposon types there is no clear relation.
Simple sequence repeats (SSRs) are often associated with plant genes (17, 18) ; therefore, filtration methods should enrich for SSR-containing sequences. We searched the AZMs for perfect di-, tri-, and tetra-nucleotide repeat motifs and identified 2496 and 1687 SSRs within 2236 MF (4.2%) and 1581 (14). Table 2 . Sequence similarity search results of maize genomic assemblies. The MF, HC, MFϩHC, and UF AZMs were searched against maize chloroplast and mitochondrial genomes, the TIGR Cereal Repeat database, a nonredundant amino acid database (NRAA), and the Tentative Consensus (TC) sequences in the TIGR Plant Gene Indices with the use of BLAT (14) . The number of sequence matches in each database is expressed as a percentage of the total number of unique sequences (AZMs). (19) is used to monitor the progress of genomic sequencing projects and assumes an independent sampling of the genome. We used the model and the rate of contig formation to estimate the effective genome size explored by each cloning method, which was 260 and 284 Mb for MF and HC, respectively. These represent 10-and 9-fold reductions relative to the 2500 Mb genome size (table S5) . The AZMs cover approximately 16 (MF) and 19% (HC) of the effective genome size, consistent with the approximate coverage of representative unique sequences within the genome. For MFϩHC, the estimated genome size (413 Mb) is larger than either of the individual libraries, but smaller than the 544 Mb sum of the separate estimates. This result is consistent with other evidence, indicating that the MF and HC strategies sample different portions of the unique sequence in maize but with an overlap of 131 Mb, or 32%, of the shared genome space. As an additional analysis, we determined that increasing the number of raw sequence reads to 500,000 (a 150% increase) results in a combined genome size of 468 Mb with an approximate 35% overlap between the genomic regions sampled by MF and HC. The 13% increase in estimated size despite a 150% increase in the number of sequence reads suggests an asymptomatic increase toward the actual genome size with increasing sequence depth. Thus MF and HC are complementary approaches to exploring the unique, generich regions of the maize genome. The combined estimated size of 413 Mb is similar to the genome size of rice, which is consistent with the evolution of maize from a much smaller-genome monocot predecessor (20) . Such a mechanism would preserve the core genome while maintaining the synteny observed in the monocots (21) .
When the Lander-Waterman equation is applied using UF data, the estimated genome size of 2500 Mb is expected; however, the size calculated was 1285 Mb (22) . The model was also applied to simulated genomes to determine the amount of variability in the calculation, given the current coverage versus the expected genome size. Our results show that greater discrepancies at low coverage of larger genomes are expected and that effective genome size predictions of low-coverage, reduced genomes are more accurate (table S6). The estimates of the effective genome sizes are lower bounds that will be refined as more data become available.
The overall goal of this pilot sequencing project in maize is to derive an effective strategy for the completion of the genome sequence. To meet this goal, approximately 800,000 total sequence reads will be generated from the HC and MF libraries; this manuscript is an analysis of the first 25% of the data. The HC and MF libraries provide complementary coverage of approximately 413 Mb of unique sequence. The targeted approaches described increase the likelihood of identifying the genes encoded within the genome while reducing the complexity of sequence assembly. We believe the MF and HC strategies may serve as a model for sequencing this and other large, complex genomes at reduced cost relative to conventional approaches.
